Determination of zinc concentration in serum/plasma and tissue of caged and aviary birds is commonly requested by practitioners because of an increased awareness of zinc toxicity. However, interpretation of zinc levels is often based on normal zinc concentrations established for poultry. Also, it is likely that intergenus differences exist in normal zinc concentrations of pet birds. In an attempt to determine normal and toxic concentration ranges, zinc concentrations in liver (n ϭ 276) and serum/plasma (n ϭ 260) collected from psittacines between 1990 and 1998 were analyzed. Zinc concentrations were determined by inductively coupled argon plasma emission spectroscopy analysis. The results were categorized by genus and, when available, by history. Birds that were diagnosed with zinc toxicosis (on the basis of history, clinical examination, pathology, and laboratory findings) were exempt and not included in establishing normal ranges. The results indicate that important differences occur with respect to genera. For example, cockatoos and Eclectus parrots have higher normal zinc concentrations in serum or plasma than other psittacines. In addition, analysis of all the submitted cases suggests that potentially toxic zinc concentrations in livers of psittacines can be well below the range considered toxic in chickens (Ͼ200 ppm).
Little information is available regarding establishment of normal and toxic zinc (Zn) concentrations in psittacine birds. However, the upsurge in Zn poisonings in pet birds over the past years has created a need to establish a database in order to interpret Zn analysis accurately. The higher number of Zn poisonings in psittacines also referred to as ''new wire disease,'' 10, 31 may reflect the more common use of galvanized cages and aviaries, as well as an increased awareness by veterinarians and pet bird owners. Documented causes of avian Zn toxicosis include ingestion of items such as pennies minted after 1982, 39 cage coatings, accessories, hardware, 37 and metallic toys. 7 Aside from exposure to toxic Zn concentrations in source material, no cause of elevated serum/plasma or liver Zn concentrations has been documented. Zinc interacts with a wide variety of inorganic, organic, and biological agents. Various studies conducted in different animal species have shown that Zn is antagonistic to copper, 23 calcium and phosphorus, 16 lead, 2 cadmium, 33 iron, 16 and selenium. 38 None of the metal interactions has been associated with increased serum/plasma or tissue Zn concentrations. In considering changes in circulating Zn concentrations and disease, studies have shown that serum Zn concentrations decrease during disease. 13, 17 Zinc is required for various physiological processes and is present in over 200 metalloenzymes. 29 These enzymes are involved in bone formation, keratogenesis, reproduction, growth, wound healing, brain development, normal functioning of the central nervous system, and many other physiological processes. 35 Zinc is relatively non-toxic in mammals as judged by their tolerance to dietary loadings greater than 100 times the minimum recommended daily Zn requirement. 24 Nevertheless, excessive Zn intake can have drastic effects, and Zn toxicoses have been reported in numerous animal species 1, 3, 15, 23, 25, 38 and in humans. 4, 28 These case reports and experimental studies have indicated that the pancreas is the major target organ of Zn toxicity. The associated histological and ultrastructural lesions in this organ include disruption of the normal acinar architecture of the exocrine pancreas, loss of zymogen granules and basophilic staining, the presence of hyaline bodies and other electron-dense debris, cellular atrophy and necrosis of individual acinar cells, interstitial fibrosis, inflammatory infiltration of the fibrotic interstitium, and formation of duct-like structures. 38, 39 Overall, the pancreatic islets are spared. The biochemical basis for the pancreatic alterations associated with Zn toxicosis have been previously discussed in detail. 20 In addition to pancreas, kidney, liver, and the gastrointestinal tract are target organs in Zn toxicosis. All target organs contain Zn-binding components, such as metallothionein, that account for the accumulation and turnover of retained Zn in these tissues. Lesions attributed to Zn toxicosis in the kidney include acute degeneration and necrosis of the proximal convoluted tubules and descending loops of Henle. 3 Additional find- ings include necrotic debris in tubules 31 and interstitial mononuclear nephritis 19 and fibrosis. 10 Liver lesions that have been reported vary from hepatic biliary retention and hemosiderosis 3 to focal necrosis with mononuclear infiltrates. 19 Gastrointestinal lesions include ventricular erosions and necrotizing ventriculitis 9,37 and necrotizing enteritis. 10 Clinical signs of poisoning are often nonspecific and include depression, lethargy, anorexia, and weight loss. Additionally, birds can develop regurgitation, crop stasis, dark or tarry stools, polyuria, polydypsia, ataxia, posterior paresis, and anemia. 19, 31, 32, 39 Considering the variability of clinical signs, determination of Zn concentrations in psittacine specimens is essential for establishing a diagnosis. Often, interpretation of Zn concentrations is based on values established for poultry. Zinc levels in poultry are of little value because chickens seem to have a much lower sensitivity to Zn than do psittacines. 12 The objectives of the study reported here were to expand the scope of earlier case reports of normal Zn concentrations in avian specimens and present data on genus-based variations in Zn concentrations of psittacines and to present clinical histories and postmortem findings associated with Zn toxicosis.
Materials and methods
Source of case material and categorization. The cases were gathered from submissions to the California Veterinary Diagnostic Laboratory System (CVDLS) between 1990 and 1998. Psittacines were subdivided into 14 different groups (Tables 1, 2) with respect to their genus. Some groups included multiple related genera. Plasma and serum samples were submitted frozen to CVDLS in plastic, nonrubber-stoppered tubes to avoid contact with rubber products that can be a source of Zn contamination. 26 Visibly hemolysed samples were not evaluated. Liver tissue was submitted frozen in plastic containers. On the basis of exposure history and clinical information provided, expected clinical signs of toxicosis as described in the literature, and pathologic findings (if applicable), each incident was categorized as toxicosis, suspected toxicosis, or no toxicosis. For serum/plasma samples, a diagnosis of Zn toxicosis was made only if a complete clinical history and clinical signs suggestive of Zn poisoning were known and a Zn concentration suggestive of Zn toxicosis (compared with Zn concentrations described in the literature for other avians) was determined. An elevated serum/plasma Zn concentration without information on history and/or clinical signs was categorized as a suspected toxicosis. Zinc concentrations that were comparable with physiological Zn concentrations reported in the literature for other avians were categorized as no Zn toxicosis. These cases were grouped and represent physiological Zn concentrations of psittacines. For liver samples, incidents were categorized as toxicosis if historic/clinical, laboratory, and pathological data were consistent with the expected syndrome. Incidents were grouped as suspected toxicosis if laboratory findings were characteristic of the expected syndrome but only little or no pathological data were available. Also, liver samples that contained Zn concentrations that were comparable with physiological Zn concentrations as described in the literature but showed significant pathological findings suggestive of Zn toxicosis were categorized as suspected Zn toxicosis. Liver samples were categorized as no toxicosis if laboratory and pathological data were not consistent with Zn toxicity. It is important to note that not all of the psittacines that had physiological Zn concentrations were clinically normal birds.
Toxicological analysis. Serum, plasma, and liver samples were analyzed for Zn by inductively coupled argon plasma emission spectroscopy (ICP). Serum and plasma samples were mixed with a protein-precipitating internal standard solution and centrifuged prior to analysis. Liver tissue was digested with nitric acid before analysis. The accuracy of the ICP values for sera was monitored by routinely determining the concentrations of Zn in control sera, b fortified at 2 g/ ml with certified standard. c Tissue values were routinely compared with the standard reference material (SRM) values for bovine liver (National Institute of Standards and Tech-nology SRM 1577b) and lobster hepatopancreas (National Research Council of Canada TORT-2). Data were accepted if analyzed SRM values fell within 2 standard deviations of the certified value (tissue) or if fortification recoveries were between 90% and 111% (serum/plasma).
Physiological and toxic Zn concentrations. Zinc concentrations grouped in the ''no toxicosis'' category were used to establish physiological Zn concentrations in serum/plasma or liver. Zinc concentrations obtained from the cases categorized as toxicoses and suspected toxicoses were gathered and provided the basis for establishing toxic concentrations.
Clinical histories. The reported clinical signs in all cases were classified into 6 groups: neurologic (depression, lethargy, ataxia, paresis), gastrointestinal (anorexia, weight loss, diarrhea), anemia, polyuria/polydypsia (PU/PD), feather picking, and sudden death. These signs were correlated with Zn toxicosis, including suspected Zn toxicosis. The clinical signs of cases that were submitted for Zn analysis but were unrelated to an overexposure to Zn are also listed.
Pathology. Necropsies were performed at CVDLS except a few that were performed by veterinary practitioners. If necropsy was performed at CVDLS, tissues were fixed in 10% formalin. All tissues were processed routinely, sectioned at 5 m, and stained with hematoxylin and eosin.
Statistical analysis. Results were analyzed by Student's ttest. d For all analyses, P Ͻ 0.05 was considered significant.
Results

Categorization into Zn toxicosis, suspected Zn toxicosis, and no Zn toxicosis.
A total of 260 serum or plasma samples, respectively, were analyzed for Zn and included in the study (Table 1) . A differentiation between serum and plasma could not be made because of data entry into the computer system at CVDLS. Therefore, serum and plasma were grouped and evaluated together. Of 260 samples, 28 (10.8%) incidents were categorized as toxicoses, 20 (7.7%) were assessed as suspected toxicoses, and 212 (81.5%) of the incidents were not associated with Zn toxicosis. Liver samples of 14 different genera groupings of psittacines were submitted (Table 2) . Of 276 cases, 21 (7.6%) were diagnosed with Zn toxicosis, 8 (2.9%) cases were assessed as suspected toxicoses, and in 247 (89.5%) cases the findings were not consistent with Zn toxicosis.
Physiological and toxic Zn concentrations. On the basis of the criteria described above, physiological and toxic Zn concentrations were established with respect to genus grouping (Table 3 ). Cockatoos were found to have higher normal Zn concentrations than all the other genera of psittacines reported in this study. Zinc concentrations up to 3.41 ppm were found in serum or plasma of clinically normal birds in that genus. Eclectus parrots also tend to have higher physiological Zn concentration in serum and plasma when compared with the other genera reported. For most psittacine spe-cies, the average physiologic Zn concentration in serum or plasma is at or below 2 ppm.
Clinical histories. A clinical history was provided in 375 (70.0%) cases out of a total of 536 records (Table 4) . Clinical signs were reported in 154 (59.2%) of the birds for which serum or plasma samples were submitted for Zn analysis. Of those cases with known clinical history, 28 (18.2%) were diagnosed with Zn toxicosis. Most psittacines that had Zn poisoning developed neurologic signs or were diagnosed with a metal foreign body on x-ray examination. Only 4 of these 28 incidents were reportedly feather pickers. Of psittacines that had died and subsequently had liver specimens analyzed for the amount of zinc, 221 (80.1%) incidents provided a history of clinical signs. For 24 (10.8%) of these cases, the clinical signs were associated with Zn toxicosis. Most of these psittacines had neurologic signs or died suddenly. Several cases were submitted with the history of detection of a metallic foreign body by x-ray. Unfortunately, none of these histories included associated clinical signs.
Necropsy findings. Necropsy evaluations were performed on 270 of the 276 cases for which liver Zn concentrations were determined. Of these necropsy cases, 27 (10.0%) fell into the toxicosis or suspected toxicosis groups. Two birds in the suspected toxicosis group had very high hepatic Zn concentrations but no necropsy evaluations; thus, no definitive diagnosis could be made. For ease of comparison, the standard for the diagnosis of Zn toxicosis was set as elevated hepatic Zn concentrations plus either renal or pancreatic lesions classically associated with Zn toxicosis. Postmortem findings for the birds in the toxicosis group included liver lesions consisting of iron accumulations within the liver (hemosiderosis) or multifocal, necrotizing hepatitis. One bird had both liver conditions. Renal lesions were noted in 18 of 21 (85.7%) birds of the Zn toxicosis group and consisted of various degrees of acute tubular necrosis, occasionally with secondary renal or visceral gout, and 2 cases with a moderate interstitial nephritis in addition to the nephrosis. Various pancreatic lesions, including a loss of zymogen granules, atrophy of acinar cells, loss of normal architecture, multifocal necrosis, and necrotizing pancreatitis, were identified in 12 of 18 (66.7%) birds in which the pancreas was examined. Gastrointestinal lesions were also prominent in the toxicosis group, occurring in 13 of 21 birds (61.9%). Findings included intestinal hemorrhage, hemorrhagic enteritis, hemorrhagic ventriculitis, ventricular koilin degeneration, and 1 case of cloacitis. A summary of necropsy findings is included in Table 5 .
Discussion
Zinc is a frequently encountered heavy metal that causes toxicity when ingested by birds. Reported cases of naturally occurring Zn poisoning involving avians include ducks, 39 a nicobar pigeon, 36 a gray-headed chachalaca, 11 macaws, 27, 32, 37 lovebirds, 31 and amazons. 34 Common sources of Zn for avians are galvanized iron (cage wire, cage clips, bird toys, zippers) and pennies minted after 1982. Toxicity associated with Zn-coated food containers has been reported in humans but not in birds. 4 Common signs reported in Zn poisoning can be neurologic or gastrointestinal dysfunction, anemia, polydypsia, polyuria, and sudden death. 22 In the past, elevated Zn concentrations have also been suspected as a cause for feather picking, but a causal relationship has not been established. The results are inconclusive regarding elevated Zn concentrations as a cause of feather picking in psittacines. Only 4 of 22 cases that were presented with the clinical history of feather picking had Zn concentrations suggestive of Zn toxicosis. Historical data needed to rule out behavioral feather picking prior to toxicosis were lacking. Most cases presented in this study that had elevated Zn concentrations had a history of neurologic signs, followed by gastrointestinal disturbances. Zn toxicosis was associated with sudden death in 33.3% of the psittacines submitted for necropsy that were subsequently diagnosed with Zn poisoning. Therefore, any acute death in a psittacine needs to be evaluated for possible Zn poisoning. Anemia and PU/PD were reported in only a few cases; however, this may reflect a lack of clinical monitoring rather than the true frequency of these symptoms.
In the past, little was known about physiologic and toxic Zn concentrations in serum or plasma of psittacines. The only study found in the literature that determined physiologic Zn levels was done in healthy cockatiels. 27 The mean serum Zn concentration was found to be 1.63 ppm. In a study of Zn toxicosis, baseline whole blood Zn concentrations of 80 cockatiels were determined to be 2.75 Ϯ 1.4 ppm. 19 Because these are whole blood levels, they cannot be compared with those obtained on serum or plasma. 18 Most studies on Zn toxicity in avians are conducted in poultry. 8, 25 Adequate serum Zn concentrations in chickens are 1.45-3.4 ppm. 30 This study is the first known to its authors that evaluated physiologic and toxic Zn concentrations on the basis of different psittacine genera. These results demonstrate that physiologic and toxic Zn concentrations in psittacines differ from those for poultry. In general, all psittacines with the exception of cockatoos and Eclectus parrots have physiologic Zn concentrations of less than 2.0 ppm in serum or plasma. In cockatoos, Zn concentrations of up to 3.0 ppm may be present in physiologic ranges. Normal Eclectus parrots also seem to have higher physiologic Zn concentrations of up to 2.5 ppm. Remarkably, the mean physiologic Zn concentration found in serum or plasma samples for cockatiels was 1.58 ppm, which is very similar to levels found in previous studies. 27 As mentioned before, serum and plasma Zn concentrations were grouped and the results were analyzed together. This procedure is justified because studies in humans have shown that, under careful collection techniques, Zn concentrations in serum and plasma do not differ. 21 The original observation that serum Zn is 16% higher than plasma zinc 6, 14 is most likely to be caused by hemolysis, a condition that can be avoided by appropriate sample collection and handling.
The mean Zn concentration in livers of budgerigars that were euthanized for reasons other than Zn toxicosis was 64.7 ppm. 10 Physiologic Zn concentrations in livers of poultry are 25-40 ppm, with concentrations of greater than 200 ppm being suggestive of toxicosis. 30 However, psittacines seem to be more susceptible than poultry. For example, liver Zn concentrations of about 100 ppm have been associated with Zn poisoning in psittacines. 34 The present study indicates that liver Zn concentrations of greater than 100 ppm can be diagnostic of Zn toxicosis. In almost all genera evaluated in this study, the mean Zn concentrations in liver were between 30 and 70 ppm. However, concentrations of greater than 100 ppm were found in some histologically normal birds. This variation in the toxic levels may be due to genus variation or to external factors such as diet. In poultry, diet composition is known to have an effect on the toxicity of Zn. 35 Thus, postmortem diagnosis of Zn toxicosis should depend upon both toxicological analysis and histopathological examination. In contrast to serum/plasma concentrations, physiologic Zn concentrations in livers from cockatoos and Eclectus parrots did not differ from those in other genus groups.
Although necropsy findings were variable in the toxicosis group, some trends emerged. The evaluation was limited because the criteria required that birds considered as toxic have a hepatic Zn level above 100 ppm. For this reason, birds with more florid pathologic changes may have been selected. Because Zn toxicosis was not often suspected at the time of death, pancreatic sampling was not as complete as sampling of liver or kidney. However, renal lesions, specifically nephrosis, were found most frequently in the toxic group. This finding should be considered suggestive of possible Zn toxicosis. However, because nephrosis can be associated with a wide array of etiologies such as numerous heavy metals, aminoglycosides, mycotoxins, excess dietary calcium, and excessive dietary ethoxyquin, 5 renal damage cannot be considered diagnostic. Hepatic iron accumulations and intestinal changes have been noted by previous authors in association with Zn toxicosis. 3, 10 These findings are also suggestive of, but not diagnostic for, Zn toxicosis. The pancreatic changes found in the present study correlate well with those of previous studies. 38, 39 Because of the spectrum of lesions needed for consideration of Zn toxicosis, pancreas should be evaluated in addition to liver and kidney in all avian necropsy evaluations.
In summary, serum or plasma Zn concentrations of greater than 2.0 ppm should always give reason for further evaluation of possible overexposure to Zn unless the sample is from a cockatoo or Eclectus parrot. If psittacines have died of clinical signs suggestive of Zn toxicosis, determination of Zn in liver and histopathological examination of pancreas are necessary to establish an accurate diagnosis.
